Tanycytes are emerging as key players in the neuroendocrine control of gonadotrophinreleasing hormone (GnRH) release. Rodent studies have demonstrated that the structural relationship between tanycytes and GnRH terminals in the median eminence is highly dynamic, regulated by gonadal steroids and undergoes age-related changes.
Tanycytes are emerging as key players in the neuroendocrine control of gonadotrophinreleasing hormone (GnRH) release. Rodent studies have demonstrated that the structural relationship between tanycytes and GnRH terminals in the median eminence is highly dynamic, regulated by gonadal steroids and undergoes age-related changes.
The present study aimed to determine whether the number and organisation of tanycytes changes throughout life in the female infundibular nucleus/median eminence (INF/ME) region. Post-mortem hypothalamic tissues were collected at the Netherlands Brain Bank and were stained for vimentin by immunohistochemistry. Hypothalami of 22 control female subjects were categorised into three periods: infant/prepubertal, adult and elderly. We measured the fractional area covered by vimentin immunoreactivity in the INF. Qualitative analysis demonstrated a remarkable parallel organisation of vimentin-immunoreactive processes during the infant/prepubertal and adult periods. During the elderly period, this organisation was largely lost. Semi-quantitatively, the fractional area covered in vimentin immunoreactivity was significantly higher at the infant/prepubertal compared to the adult period and almost reached statistical significance compared to the elderly period. By contrast, the number of tanycyte cell bodies did not appear to change throughout life. The results of the present study thus demonstrate that the number and structure of tanycytic processes are altered during ageing, suggesting that tanycytes might be involved in the age-related changes observed in GnRH release.
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| INTRODUCTION
Tanycytes, which are specialised bipolar glial cells, are emerging as key players in the neuroendocrine control of gonadotrophin-releasing hormone (GnRH) secretion in vertebrates. [1] [2] [3] [4] [5] In rodents, four subsets of tanycytes have been identified. Of these, the β1 type was shown to be closely related to GnRH release. 4 These tanycytes line the floor and wall of the third ventricle, and extend their processes to the portal vasculature of the median eminence (ME), 4 where they physically interact with GnRH terminals through apposition to GnRH fibres. This structural relationship is highly dynamic and regulated by gonadal steroids throughout the reproductive cycle. Tanycytes can influence the secretion of GnRH from axon terminals to the portal capillaries by two different means. The first involves cell-to-cell communication via signalling molecules released by tanycytes, which modulate the activity of GnRH neurones. 4 The second mechanism, sometimes called the remodelling theory, is exemplary of the plastic nature of tanycytes.
Specifically, rodent data showed that during most of the ovarian cycle, GnRH synaptic terminals are retracted and completely enwrapped by tanycyte end-feet, preventing the release of GnRH into the hypophyseal-portal circulation. [1] [2] [3] [4] [5] [6] By contrast, during the pro-oestrous phase of the cycle (when the GnRH surge occurs), these end-feet are retracted, thereby exposing GnRH synaptic terminals and allowing them to make contact with the hypophyseal-portal blood. 5 Indeed, chemical removal of tanycytes in rats prevents the occurrence of a surge in luteinising hormone and consequently ovulation. 7 Similarly, when semaphorin7A (a protein expressed by tanycytes) receptors were genetically invalidated in mice, neuronal and glial arrangements in the ME were changed, suppressing the normal oestrous cycle and consequently fertility. 6 Furthermore, it has been shown that tanycytes undergo morphological changes during ageing, a physiological condition often characterised by a loss of oestrogen feedback on hypothalamic GnRH neurones and a general decline in the sensitivity of GnRH neurones to oestrogens. 8, 9 For example, ageing has long been associated with a progressive decline in the number of tanycytes, 10 as well as some morphological changes, in rats. 11 More specifically, in young (4-5 months old) rats, tanycytes are long, narrow and neatly lined up.
With increasing age (ie, 22-24 months old), tanycyte processes lose this organisation in the pericapillary zone and become thicker. 11 These findings strongly suggest that GnRH release in the ageing rat is altered by structural organisational changes. However, whether tanycytes have a similar function in humans and whether human menopause is associated with similar structural and morphological changes is unknown. Therefore, in the present study, using post-mortem brain tissues and immunohistochemical staining against vimentin (a marker of tanycytes), we analysed the distribution of tanycyte cell bodies and processes in the female human infundibular and median eminence (INF/ME) region. In addition, we determined whether the number and organisation of tanycytes at the level of the INF/ME changes throughout life in the female human hypothalamus.
| MATERIALS AND METHODS

| Human brain tissue
The hypothalami of 22 female subjects (Table 1) were obtained from
The Netherlands Brain Bank. These subjects had given permission for brain autopsy and the use of their medical information and tissue for research projects. The subjects were categorised into three groups: infant/prepubertal (5 months to 13 years), adult (21-40 years) and elderly (58-100 years). Exclusion criteria for the subjects were a history of endocrine dysregulation (ovarian, uterine or breast cancer; recent abortion; recent pregnancy; acquired immunodeficiency syndrome; anorexia), the use of corticosteroids or drugs affecting 
| Histology
Hypothalami were formalin-fixed, paraffin-embedded and cut serially in 6-μm coronal sections from rostral to caudal. For orientation purposes, every 100th section was collected on a SuperFrost/Plus (Menzel, Braunschweig, Germany) slide and stained with 0.5% thionin.
Every 50th section was then collected from the rostral start of the ME until the appearance of the mammillary bodies and stained for vimentin by immunohistochemistry (see below). Vimentin is an intermediate filament present in all tanycyte types, 4 and is important in cell migration and maintaining cell integrity. 12 Sections were deparaffinised and rehydrated through xylene and decreasing grades of ethanol. Unless stated otherwise, all incubations were carried out at room temperature and all washes were performed using Tris-buffered saline (TBS; 0.05 mol L -1 Tris and 0.9% NaCl; pH 7.6).
| Vimentin immunohistochemistry
Sections were first processed for antigen retrieval by placing them 
| Vimentin antibody specificity
The monoclonal mouse anti-vimentin antibody was used successfully in previous immunohistochemical experiments on hypothalamic sections from humans. 13 The specificity has been demonstrated previously.
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| Semi-quantification of vimentin immunoreactivity
All sections of each subject were carefully examined by an investiga- 
| Quantification of tanycyte cell bodies
The same two sections per subject used for the semi-quantification of vimentin immunoreactivity were analysed again to determine the position where a relatively clear and organised row of tanycyte cell bodies could be observed (for an example, see Figure 1B ; for a schematic representation, see Figure 2 ). Digital images at this position were then acquired using a 63× objective (Plan-NEOFLUAR lens) with the same microscope and camera reported above, connected to P rcMetKr image analysis software (Explora Nova). The cell bodies were manually counted unilaterally in two sections and these values were averaged for each subject.
| Statistical analysis
Data were tested for the assumptions of normality and homogeneity 
| RESULTS
Vimentin expression in the INF/ME region was very similar to that reported by previous studies in different species. 4 Vimentinimmunoreactive cell bodies are strongly expressed in the ventral and lateral walls of the third ventricle, between the rostral and caudal borders of the ME. Along the walls of the ventricle, they line up in a relatively organised row. In many cases, this row contained more than one layer of cells. These cells were mainly round, oval or pear-shaped and showed an onset of processes (for an example, see Figure 1B ).
Tanycytes processes either reached the basal brain surface or terminated in the ME. In all age groups, the distribution of vimentin immunoreactivity follows similar rostro-caudal topography, with the majority of vimentin-immunoreactive processes being found in the rostral to middle part of the INF/ME region ( Figure 2 ).
Systematic examination of vimentin immunoreactivity in the INF/ME
region yielded obvious qualitative and semi-quantitative age-related differences. At a morphological level, we observed a marked difference in vimentin-immunoreactive processes at different stages of life. Namely, in the infant/prepubertal and adult groups, tanycyte processes showed remarkable organisation: they mostly ran parallel to each other in an arch-like manner from the ventricular wall to the ME and hardly ever crossed ( Figure 3A,B) . Moreover, tanycyte F I G U R E 2 Schematic drawing from anterior to posterior in three representative female hypothalami from different stages of life (A-E: 6 months, NBB 89-027; F-J: 40 years, NBB 01-023; K-O: 72 years, NBB 98-080), to illustrate the distribution of vimentin-immunoreactive cell bodies and processes. Vimentin-immunoreactive cells are represented by light-grey closed circles around the border of the third ventricle, whereas vimentin-immunoreactive fibers are represented by light-grey lines. The dark-grey shapes represent capillaries. 3V, third ventricle; FO, fornix; MB, mammillary body; OT, optic tract F I G U R E 3 Qualitative difference in the organisation of tanycyte processes in hypothalami of three representative females from different stages of life (1 year, NBB 89-036: A; 23 years, NBB 84-025: B; 100 years, NBB 97-146: C). The dashed boxes illustrate the areas magnified in the panels. Scale bars = 1 mm in the large images, 50 μm in the panels. 3V, third ventricle; ME, median eminence
3V ME ME ME processes in these groups tended to be longer compared to those in the elderly group, meaning that they continued on uninterrupted for a relatively long distance. In the elderly group, on the other hand, the processes lost their organisation, crossed often, and were generally shorter ( Figure 3C ). This difference is also represented schematically in Figure 2 .
A subsequent semi-quantitative analysis was performed to assess whether the fractional area covered by vimentin immunoreactivity changes over a lifetime. Overall, higher vimentin immunoreactivity was found in the infant/prepubertal group compared to the adult and the elderly groups ( Figure 4A) . Careful examination of vimentin-immunoreactive cell bodies throughout the rostro-caudal extent of the INF/ME region revealed strong inter-and intrapersonal differences in cell body abundance, diameter and shape, although there were no apparent group differences.
| Confounding factors
No significant effects of post-mortem delay or fixation time on vimentin immunoreactivity were observed (all P>.38).
| DISCUSSION
In the present study, we showed for the first time in humans that tanycytes undergo age-related morphological modifications in the female INF/ME. Specifically, in the infant/prepubertal and adult periods, tanycytes send long, linearly structured processes from the ventricular wall to the ME in an arch-like manner. With age, tanycyte processes markedly lose their organisation. Furthermore, we showed that vimentin immunoreactivity in the INF is greater during the infant/ prepubertal compared to the adult period. These findings suggest that the access of GnRH to the portal capillary system might be age-and steroid-dependent in women.
| Distribution of vimentin immunoreactivity in the human hypothalamus
We observed that fibres and cells expressing vimentin immunoreactivity were predominantly found in the rostral to middle part of the INF/ME region in all age groups. This is in agreement with the distribution of tanycytes shown in rats. 15 Tanycytes in the arcuate nucleus (the rodent homologue of the human INF) have also been described in the mouse, [16] [17] [18] hamster 19 and monkey. 20 The INF/ME region is also reported as the predominant site for tanycytes in a previous study in humans, although the study used only elderly subjects and did not elaborate upon the rostrocaudal distribution of tanycyte processes. 13 The distribution of tanycyte cell bodies also matches earlier descriptions. 
| Qualitative stage of life difference in tanycyte processes
A thorough examination of the tanycyte processes at all stages of life revealed age-related differences in organisation. Namely, in the infant/prepubertal and adult groups, the tanycytes that spanned the INF/ME region were generally well-organised, ran parallel to each other, seldom crossed and often covered a relatively large distance. to GnRH after menopause, despite the fact that the measurement of hypothalamic GnRH secretion is notoriously difficult because it is not accurately reflected by GnRH levels in peripheral blood. 22 However, human studies using indirect methods suggest an overall increase in the total amount of GnRH being released and also that this continues to increase during ageing. 23, 24 This is consistent with findings of increased GnRH gene expression in postmenopausal women. 25 Although the removal of oestrogen-negative feedback that accompanies menopause likely plays a large role in this initial increase observed in GnRH release, it is not known why the total amount of GnRH being released would continue to increase during ageing. The latter suggests that another mechanism could play a role as well, such as a decreased functionality of tanycytes. The question remains as to whether the observed changes occur as a result of ageing or menopause, although studies comparing young and old postmenopausal women indicate that the neuroendocrine system undergoes age-related alterations that are independent of those occurring during menopause but may contribute to reproductive senescence. 
| Semi-quantitative stage of life difference in vimentin immunoreactivity
Besides these age-related morphological changes in tanycyte processes, we also found that the amount of vimentin immunoreactivity was significantly higher in the infant/prepubertal compared to the adult period, with a nonsignificant difference compared to the elderly period. Previous research using alternative markers of tanycytes (dopamine and cyclic AMP-regulated phosphoprotein mr 32 and glial fibrillary acidic protein) identified a progressive loss of tanycytes with age in rats, although it was not reported whether this difference is significant between the adult and elderly stages. 10 In the present study, no differences were found between the adult and elderly periods, although we were only able to assess the fractional area covered by vimentin immunoreactivity. We showed that vimentin immunoreactivity in the elderly subjects covered approximately the same fractional area as in the adult group, notwithstanding the fact that it is very differently organised. Unfortunately, it is this same disorganisation that prevented us from counting and comparing the number of tanycyte processes. The lack of difference between the adult and elderly groups might further be explained by the use of vimentin as a marker of tanycytes because its expression has been 
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shown to increase with ageing in the entorhinal cortex. 26, 27 However, none of these studies reported any particular disorganisation such as that observed in the present study in the ME.
The higher amount of vimentin immunoreactivity observed at the infant/prepubertal period might reflect a period of neuromorphogenesis because vimentin is an intermediate filament protein that has been shown to be involved in cell migration. 12 However, this is rather unlikely given that hypothalamic maturation occurs primarily during intrauterine life in humans. 28 A more likely explanation is that the high fractional area covered by vimentin immunoreactivity in the infant/prepubertal period actually reflects a large amount of tanycyte processes enwrapping the GnRH nerve terminals to silence GnRH release. The HPG axis is generally silenced during the infant/prepubertal period, with the exception of high activity during the first 3 months after birth, a period known as mini-puberty. 29 Given that one of the functions of tanycytes is to enwrap GnRH nerve terminals, the high fractional area covered by vimentin immunoreactivity could partly explain the absence of GnRH release during the majority of childhood. A next step might be to investigate the expression of semaphorin7A at different stages of life because this protein has recently been shown to be crucial for tanycyte plasticity. 6 Interestingly, several growth factors involved in the initiation of puberty (such as TGFα and TGFβ1)
have been shown to engage GnRH neurones through tanycytes, 6, [30] [31] [32] which suggests a common upstream signal that affects the tanycyteGnRH relationship and the start of puberty.
| Tanycyte cell bodies at different stages of life
No significant differences were found in the number of tanycyte cell bodies at different stages of life. Moreover, no differences in cell size or shape were found either, in contrast to what is suggested by rat data. 33 In young (3 weeks old) compared to adult (24 weeks old) rats, for example, tanycyte cell bodies were found to be smaller and more regular in outline. It appears that the situation in humans is more complex and less clear than in rodents, with large inter-and intrapersonal differences, although there were no overall group differences in our sample. It is worth noting that rodent studies showing a decrease in the number of tanycytes with increased age only analysed tanycyte processes 10 or the amount of appositions with GnRH terminal membranes 11 and not tanycyte cell bodies. In other words, what happens to the number of tanycyte cell bodies during ageing in rodents is also unclear. Our results might suggest that the number, shape and size of tanycyte cell bodies do not change from birth to old age in humans.
However, it should be noted that our sample size (the number of cells counted per subject) was quite small, and the integrity of the tissue next to the third ventricle (where the cell bodies are located) was not optimal in some subjects. Thus, some caution is warranted.
To conclude, the results of the present study show that the organisation of tanycytic processes in the INF/ME region is altered during ageing, thereby suggesting that they might be involved in the age-related changes observed in GnRH release. Besides their role in GnRH regulation, hypothalamic tanycytes are now being studied as neural stem cells, 34 in relation to feeding and energy balance, 35 and more functions are just beginning to be explored. 4, 36 Alterations in tanycyte morphology and organisation with age could thus have consequences that go far beyond the HPG axis.
